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DIAGNOSTICS AND PERFORMANCE EVALUATION OF
MULTIKILOHERTZ CAPACITORS*

G. McDuff, W. C. Nunnally, K. Rust, and J. Sarjeant
Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87545

ABSTRACT

The observed performance of nanofarad polypropylene-silicor~e oil,
mica paper, and polytetrafluoroethylene-si licone oil capacitors discharged
in a 100-ns, l-kA pulse with a pulse repetition frequency of 1 kHz is pre-
sented. The test facility circuit, diagnostic parameters, and the prelimi-
nary test schedule are also discussed. In addition, the basic capacitor
construction details are outlined as a basis for discussion of the observed
failure locations and proposed failure mechanisms. Most of the test data
and discussion presented involves the polypropylene-silicone oil units.

1, INTRODUCTION

A, Proqram Purpose

The development of lcng-life, multikilohertz, fast-discharge capaci-

tors is essential to many f~ture high-energy applications including non-

nuclear or directed energy weapans, isotope separation laserc, short-pulse

rddar modulators, and electronic warfare and countermeasure pulse genera-

tors. The development program discussed in this paper is in support of the

“Los Alamos Scientific Laboratory (LASL) Molecular Laser Isotope Separation

(MLIs) Program. The primary purposes of this program are:

● To determine qualitative capacitor dielectric system behavior in a

short-pulse multikilohertz repetition rate, high di/dt discharge

environment,

● To understcwrd, model, and climinatu the failure mcchonisms that

ore obswvwl in tho above t?nvirunmerrt.

● TO dcv’~lopl In conjunct.lon with capdcitor manufacturers, lorlg-

lifu, reliable capt]citwrs for usc in the high di/dt, nwltik;lo-

hprtz l~~er systems ruquird for MLIS,

EI)621O.CL -1-



B. Program Rationale

The program rationale is to evaluate capacitor technology provided by

inaustry to determine and understand the failure mechanisms and to work

with the manufacturers to provide better units. This is in contrast to a

basic research program to develop new dielectrics and iinpregnants. Rather,

this program seeks to determine the capacitor system weak points, the char-

acteristic failure mechanisms, and the required dielectric characteristics

compatible wit$ multikilohertz, high di/dt discharges, This program should

provide direction ta f~ture basic dielectric system research and develop-

ment. A natural res~lt of this program is the determination of the operat-

ing limits of present capacitor technology in different capacitor struc-

tures.

11. TEST FACILITY

~. Discllarqe System--..
The requirements

mined by the capacitor

of rhe capacitor discharge test circuit dre aeter-

test criteria listed in Table I.

TABLE I

CAPACITOR TEST PARAMETER RANGES

Parameter Value Ijnit—.— -.—. — —---- —— — .—— -——
Capacitance 0.5-2 nF

Vol Lage 10-1CO kV

Discharge time 60-100 ns

Reversa! 10-15 %

Pulse repetition frequency 0.1-5 kliz

peak curlent 0.1-5 kA

LifF 108-1010 discharges

A sll~lpllfieclcircuit cliagr~m of the cnpncltor cli~charge loop is shown

?n :’lg. 1. Figure 1 ~lso illustrates tllcthvrntroll switch usr~d to dis-

cilarge severdl c,lpaci~ur:iin parallel through individual load resistors and
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the current viewing resistors (CVR) u~ed to monitor

tor-load currents and the total current through the

. Charqc?SystemsB

The capacitor under tusL (CUT) cdn bc charged

or transformer pulse charging. The chzr~cteilstics

ods are listed in Table II.

I
LOAD

RESISTORS

the individual capaci.

thyratron.

using either resonant

of the two charge meth-
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TABLE II

CAPACITOR CHARGE SYSTEM PARAMETERS

Parameter Value Unit.—

1.

11.

Resorant Charge System

Voltage maximum 1-60 kV

Charge time 0.5-2 ms

Capacitance value 1-5 nF

Maximum average power 20 kW

Repetition frequency 0.1-5 kHz

Pulse Transformer

Charge System

Voltage maximum 1-70 kV

Charge time 0.75-1.7 ps

Capacitance value 1-5 nF

Maximum average power 50 kW

Repetition frequency 0.1-5 kHz

resonant charge circuit is shown in Fig. 2 and illustrates sever-

features of the system as a whole. First, the trigger link is

The

al design

fiber optic coupled and has less than 0.5-ns total jitter. Also the neces-

sity of snubber and transient filter networks in the chdrge system is evi-

dent.

c. Shieldinq

Extensive care in planning the grounding and shielding system for the

development facility was necessary to measure nanosecond transiwts with

millivolt resolution. With the basic shielding layout and design shown in

Fly. 3, the facility has been operatecl at an average pow~r lev~l of 50 kW

ar)drepetition rates of 2 kHz without electromagnetic intcrfercncc protj-

1ems.

D. Dia~ostlcs-.— .-—— .— .

The heiirtof the tust facilily dl~gnostic system is ~ Tcktronlx tr~n-

sient digitizer word processor. Using Tektronix 7912 tr,lnslcntwaveform

EU621O*EL -4-
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digit iz~rs, e~ch of five capacitor currents and voltages can be measured

and recor:ied sequentially by the data-acquisition system. A 100-kV voltage

probe with a frequency response from O-3(IOMHz has beet, developed for meas-

uring the circuit voltages. Nanosecond response from the f;:’rent probes

(CVRS) and voltage pro!~cs is reqllired to monitor corn)l,lfluctl~atinnr in

real tihloduring the ctl(~tgeand discharge of the capacitor under test.. The

ba~ic pnr,m(?t~r:>for thr facility diagnostic systw ~rc list~)d in Tahlc

1:1.
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TABLE III

CAPACITOR TEST FACILITY DIAGNOSTIC PARAMETERS

Diagnostic Parameter Value Unit

Voltage Probe

Current Viewing

Resistor

Change di/dt Probe

overall System

Response

Voltage range

Attenuation factor

Input impedance

ac surge (t ~ 5 ns)

dc

Frequency response

Amplitude error

Current range

Attenuation factor

Insertion impedance

Frequency respcnse

Amplitude error

Frequency response

Amplitude error

Accuracy

o-1oo

2000

1000

1000M

0-250

:2.5

0.005-50

1-10+4

1-10-4

0-500

~2

0-500

?2

kV

f?

Q

MHz

%

kA

MHZ

%

MHZ

%

%

Frequency response 0-500 MHz

.—.. .———---- ---....---...-.--—-_—

The data-handling capability of the Tektronix dnta-acql~isition system

allows cJlcul~tion of the followiny parcmlcL.ersduring discharge:

Circuit component impcdancd

Componel,t pow~r flnw

Energy flow

Equivalent series rcsistancu of rr:,ist.or

The rc~olution of tlw diaqnustir sy~tc!n i5 such LtlntG chtlnqu in cir-

cuit pdlillHP.tUr valu(!sof 0.52 cm 1)(’(Ic!tr!ctr(l.

ELW21O.LL -7-



III. PRELIMINARYCAPACITOR EVALUATION

Three types of capacitors have been evaluated:

● Reconstituted mica paper

● Polytetrafluoroethylene (PTFE) impregnated witn silicone oil

● Polypropylene impregnated with silicone oil

The test sequence begins with a preliminary life test of the capaci-

tor at a peak discharge current of 1 kA in a near critically damped 100-ns

wide pulse and a discharge pulse repetition frequency (PRF) of 1000 Hz.

During the preliminary tests, the capacitor stud or tab temperature is

monitored and life data are recorded ~p to 108 shots. Both the mica and

the PTFE capacitors operated for greater man 106 shots without failure.

The polypropylene capaci+~rs failed at approximately 3 x 106 discharges.

The temperature rise observed on the capacitor terminals was negligible for

the three types of capacitors tested.

The possible energy density of polypropylene-silicone oil (PPSO) ca-

pacitors is higher than mica and PFTE units because of the higher dielec-

tric strength. The PPSO capacitors were chosen for further investig~tion

because of the energy density potential, availability, and low cost of

polypropylene units, and the assumption that the failure mechanisms ob-

served would occur in the other units but at much longer lifetimes. In

order to discuss the failure mechanisms observed, a description of the ca-

pacitor geometry and fabrication methods is required.

IV. CAPACITOR CONSTRUCTION

The basic capacitor sect

in Fig. 4. The capacitor sect

on used in the PPSO and PFTE units is shown

ons are spiral”y wound into capacitor packs

shuwn in Fig. 5. The p~cks are then soldered to successive packs and tw-

min,als shown in Fig. 6. The capacitor packz of the initial ui]its tl~stcd

were connucted through compression only. This method proved unsatisfactory

for t.hcintended service because of arcing observed between pocks during

disch~rqc duv to poor contact.. Subsequent c~pcicitor packs were solderud in

seriu$ ds imlicatvd in Fig. 5. The 50-kV c,lpcicitorshave 10 series packs,

capacitor

(?rdq[!die’

VI:re!jlorl

1?50 V/mi

!3-

is a dc voltage of 5 kV per

cindtwo margirts. The PPSO ciV-

at rated voltagf~. The
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Fig. 6. Capacitor fabrication.

capacitor packs are enclosed in a phcn@lic Lube and then vacuum impregnated

with silicunc oil. The PPSO units tested used a total plastic film dielec-

tric and did not have a papw wick. This simple discussion of the basic

capacitor qeomutry and connt.ruction mcthcxis serves as a basis for discus-

sion of the c(lpacitor Failutw mrch~nisms involved.

ED6210.EL -1o-



v. CAPACITOR FAILURE OBSERV;.TIONS AND DATA

A. Dielectric Degradation at F.~ilEdqe

The failed PPSO capacitors were carefully disassembled and failed for

the ‘ollsw+ng reasons by approximate percentage:

5% defective fabrication

5% bulk dielectric failure

90% dielectric punch through at foil edge

The number of units that failed due to defecti!e fabrication is above

average. The bulk dielectric capacitor failures occurred around 10 thou-

sand discharges and were usually due to defective dielectric material. The

remainder and the majority of the capacitors failed at the foil edge. The

failure mechanism is illustrated in Fig. 7 and consists of craters in the

dielectric at manyplaces along the foil edge that eventually eroded

through the dieletric. Other observed damage, illustrated in Fig. 7, in-

cludes carbonization of voids in the dielectric, both in between the foils

and at the foil edge.

DAMAGE OBSERVED

●REF RATE —

●DISCHARGE TIME

.:> ...

i CiELECTRIC 4.5 roils

POLYPROPYLENE (3 Sheets) ‘//
0.5 mil ALUMINUM FOILS

Fig. 7. Cq)Jcitor dmllJge.

EIJI)21O.E1. -11-



1. Position-Dependent Foil Edqe Damage. Ninety percent of the foil—.
edge damage occurred in the three outside wraps of the capacitor pack

(Fig. 5) that is charged to the highest voltage with respect to ground or

pack No. 1 (Fig. 6). The capacitor pack with the foil edge failures is on

the end of the capacitor connected to the thyratron anode. The foil volt-

age on this end of the capacitor changes from the charge volta~e (=50 kV)

to zero in approximately 40 ns and thus sees a large value of dV/clt.

The damage mechanism may have some relation to the transient current

distribution during capacitor discharge. The capacitor pack (Fig. 5) can

be used to illustrate’:the transient current flow. The discharge frequency

is on the order of 10 MHz. The skin depth of the aluminum foil at 1!3MHz

is approximate”

stored in the

or the much th

the capacitor.

y equal to the foil thickness or 0.5 roil. Thus the charge

nterior of the capacitor cannot flow through the outer foils

cker s~lder connections on top of the pack to the edge of

The charge must therefore flow in a spiral path to the pack

edge in a strip transmission line formed by two capacitor foils.

Transmission line effects may be responsible for dynamic voltage and

thus electric field transients during discharge. The?corona inception

stress discussed previously suggests that during discharge, the dynamic

electric field is approximately four times the average dc electric f;eld.

New capacitor pack connection designs that minimize current flow problems

are being manufactured for tes~.

second mechanism that may produce the location-dependent corona

s the time rate of change of voltage ((iV/dt)on the capacitor foil

with respect ta ground, The capacitors test~:[lwere fabricated with

Jtirlgphcnolic Casco Thus the outsido few foils, especiJ1l.y in d

low inductance circuit, are capacitively coupled to ground through stray

capacitance. The stray capacitance is charged during the relatively slow

(1 ms) charyc of the tesl:capdcitor. Simultaneously, the high flcld at LIIL}

edge of the foil can inject 17C(!chtlrgc into the Il]at’gillregion of Lhc cnpJ-

c;tOr (rig, F). Whun the cflPacitor is d ischarg!!d,(-100 ns) ttw Ftv!(!

chmge in the mnrgin coupl(!d ttigrouml throllqh stray capacltotlcu is at.thu

Ori~indl Cnpacitnr potcnL{Jl Whil[! t.hnfoil is now gwutld[!d. Thi:; Sitll~-

tion can concoivdbly pt’~.]ducf?uxLrumcly l)lgn local cl~!ctricnl ficldz IN!!,WWII

EIIG210.EL -l?-



the free charge in the margin and the foil edge. These high electric

fields can also produce corona and dielectric degradzi;on.

2. Scanning Electron Microscope/Ion Microprobe Observations.—
Sections of the damaged dielectric were analyzed with a scanning electron

microscope/ion microprobe system. This device allows identification of the

materials in the sample at dtomic levels. The microprobe results indicate

that the foil edge damage shown in Fig. 8 as a black spot is an organic

compound similar to the polypropylene dielectric. The black material is

surrounded by a large amount of elementary hydrogen gas and a small amount

of atomic oxygen, carbon, and silicon. The Gxygen and silicon are probably

th,erewlt of dissociation of the silicone oil impregnant. The picture of

Fig. 9 reveals a ;mall hydroga gas bubble surrounding a black organ!c com-

pound similar to pul;propylene, all of which are inside a section b: l+lil

polypropylene film. This damage also occurred at the foil edge. The ion

microprobe jnhlysis found no aluminum in areas of dielectric degrad~tion.

I

I

I

I

I

I

I:IJ6?10.I’L -13-



I

Fig. 9. Bulk dielectric damage.

3. Computer Aided Tomography Analysis. An x-ray, computer-aided

tomography (CAT) system was used to scan the capacitor packs without dis-

turbing the system, The diagram of Fig. 10 indicates that the CAT system

was used to view 2-mm slices of the capacitor packs, A capacitor pack,

fuil-edge punch through is shown in Fig. 11 before failure of We entire

c~pacitor but in the final stages in life. The density change obsorvcd

with the CAT scan system indicates the presence of a void filled with gas,

sillconc uil, and assorted polypropylene derivatives.

This technique is ideal for nondestructive observation and evulunt.ion

of Lhc capacitor physical integrity during test and ~valuction,

II Corona IncQtion.“. ., . .—--.—— . .... ..
The capacitors were tesled for dc integrity ml coron,l bcforu dls-

chnrgu Ix:; t. I n!j. Tho dc wtwnii lncQptlIm l(:vPI ot)scl-vud was slightly ovor

Lwicu lh? rnt{?dVoltdg(! or ,Ihoul300LIV/roil illPPS()units, Tllcdc Illqh

EIJ6210,1 I -14-



Fig, 10.

potmtial test, usually for

ellmlnat~ defcctlve units.

CATscan of capaclLor pack.

severdl hours at rated dc voltage, was used to

Hhen the test capacitors ~re discharged at a peak current of 1 kA in

a 100-ns wldc damp(xl PIJISC, and a l-kHz repetltlcm rate, the corona lncep-

tlon stress level was ohscrved tu bc only 875 V/mIl. This Impllw that the

dyn~mlc clnctrlc fl~lds within the capacitor arc four tlmcs the dc elcctrlc

field, Th(! cnsct, of coroua &rlng dlscharqu Is casllymonitorud by the

facility diagnostic system as currmt tr:~u blooming, In the test f~cll-

ity, the presmuw nf corona 1% nlso dctuclablc m vury high frequency cluc-

trornagnntlc wolsc.

Coronn Inccptlwl 15 ulmrvml d% ,ul Inlogrilld uffccl, Mhun nporating

lhc cfip~ltor ahovc the Inccpllrm lUVOI, curnna Is not ohscrvud for sum+

timr!, TC1,I. IF c,lpw.llor opcv’,ltlm Is hnltcd afh!r tlmc, TCIO, find resumed

In J fow mlnuh!$, cornnn Is Insncdlatoly olmrv[’d. If, howmu!r, cqmcllor

opl!r,ll,lm~ Is h,lllnd nflu~” cwona obwrvfitlm~ for longnr pl!rlwls of thlw,

ImG!lo.1.l. -1~-
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Fig. 11. PPSO capacitor life vs repetition rate,

say 24 hours, and then resumed there is a d~lay until corona is again

observed, but the delay is less then the initial del~y. This reduction in

(It!‘ I time apparently continues over many start-stop-wait test cycles until

the L na inception delay time, TCID, approaches zero. The appearance of

corona is assumed to be the result of dynamic electric fields much larger

than the uvcrdgc clcstress levels. TIQ :oron,~ciamagc observed uccurs at

the edge of the foil, and the high dynamic elcctrlc flcld apparently gcn~r-

ates gas hy dissociation of the inlprc?gnnntand modification of the dielec-

tric Itlrcglorls of poor inlprcgrlatlon,bulk cliclcctrlc flaws, a!ldhigh

field. Aftur sufficlcrrt gas h~s hecrlgcrlcrcted, ol)servcih!ccorona di~-

ch~rges, Tht?rcrlcwnblc delay tim(?or cofotli~ hystcrcsls offcct with inact.lv-

ity is pr(?smndhly J result of th(?gus huing rccli$solvud iflthe impregrldnt.

The event of ~uro cororl~ons[?t.dl?l~ynftcr a p[?rlo(!occurs when th(?luc~l

EI)621O,I:I. “lfi-



Impregnant is saturated with gas. After zero corona onset time delay, the

Internal gas pressure increases until the case explodes.

c. Corona Onset and Hysteresis with Repetition Frequenc~

The presence of corona was also found to be a function of and exhib-

ited a hysteresis ~ffect dependent on the discharge pulse repetition fre-

quency (PRF). After the corona inception time delay, TCID, the PRF was

increased from 100 Hz,

corona ;:as observed on

corona, the PRF had to

tively explained again

that disassociates gas

where no corona was observed, to 500-600 Hz where

the current trace. In order to extinguish the

be reduced below 250-350 Hz. This can be tenta-

as a high dynamic electric field at the foil edge

from the impregnant (silicone oil). If the

e-folding (l/e) deionization time Gf the gas generated by the field at the

foil edge is on the order of 1 ms, the residual ionization level due to one

discharge pulse wuld be less than that requirrd to affect the subsequent

pulse ionization level if the subsequent pulse is spaced greater than 3-ins

(330 Hz) or 3(1/e) times later, if this hypothesis is valid, discharge

pulses spaced less than 3-ins apart would qenerate more ionization and gas

than the previous pulse due to Ihe initial ionization present. This

hypothesis could also explain the observed hysteresis effect if the tot~l

amplitude of the ionization process increases in time for pulse spacing

less than the c-tolding (l/e) deionization time. In this case, the tlmc

reauireci for thn residual iunlzation level to decay below that required to

influence the next pulse ionization process is longer, even though the

e-folding time is the same,

0 Life vs bischarge Pulss Rc~etition Frequency-.— —.. ———. —
The life of Pl}Sl) capacitors is very ciepcndent on th(! dlschargc PRF

A Is probably related to the corona dependence on PRF, A plot of capac-

itor life v:, PRF (Fig. !1) indicates lhat the life ]f a capacitor Increases

dr~stlcnlly below iq)proximntcly 500 Hz, the re,)ctitiotl frc[iuoncy nt which

corona Is nbscrv[!d,

Ollc(! 11 I’PSO Cap,lcli.ot” is opurill.{!d ill ~i]l! coron,n regim[!, thu life is

llmitud to approxim~tcly ;!,0 x 106 dit~hdr!jus rcgnrdlcss of i)i{F, This in-

dicates kh(lt corona damnq[! is accmnuitltivcm Otl the other iland, Pl)SO c,~pilc-

itors, wh[!n op[!r,lt[;[i Ot low~!r [iV/~il ml lower di/(it, hiIVIJ functionmi for

10 sllol.% irl othrr pi~rls of the ‘~st facility.grl!illf!r than 10

Ellfi?10.F.l. -17-



The14eibull distribution analysls

failure mechanism is responsible for fa’

Is very narrow.

of the failures indicates a single

lure, and the failure distribution

E. Capacitor Enerq y Dissipation

Initially, the dielectric 10SS and the equivalent series resistance

of the capacitor was of major concern. However, the energy dissipated in

the capacitors tested Is so minimal that thermal effects have been ne-

glected. For comparison, the temperature rise of a conventional Mylar

paper capacitor is compared with that of aPFTE unit (Fig. 12). Both units

were operated at a discharge PRF of 1 kHz, a p~ak current of approximately

1 kA in a 100-ns wide damped pulse. The test was halted after 42 minutes

when the Mylar paper capacitor exploded due to the 65°C temperat:lre com-

pared to the 4.1oC temperature rise for the PFTE unit. The mica, PFTE, and

PPSO capacitor units have a dissipative component so small that at present

rms current levels up to 15 A, a maximum of only 10°C temperature rise, are

observed.

VI. CONCLUSIONS

The performance evaluation of capacitors in the 100-ns, l-kA, l-kHz

regime has lcd to the following observations:

● A high-quality, high-frequency diaqnnstic system is essential to

observe transients within capacitors during discharge. The high-

frequency CVRS and voltage probes developed for the system arc

most important diagnostic tools.

● Corrm is the main causu of failure in P?SO capacitors and Is de-

tectable during discharge.

. The corona inception stress level during dischargu is about 25% of

thlu dc level al)d Is dependent on rate of dlzch~rge, thtt position

In capacitor, and the pulse repetition rate.

● Prellminw.y tests indica~.o tlmt PTFE-silicon~! 011 ml mlc~ r)~pnr

(MP) cnpacitmrs havo iI longer llfc in tho rcglml! tcst[!d thnn tho

polyprnpylc?nc-si llcono oil units but with much loww oncrgy dms-

ity. This Is nttributcd to the Impr(!gntltiun chnrnct~!rlstics of

PFT[ units M fnl)ricntion mcthmls of Lh(? MP units.



The Welbull distribution analysis of the failures indicates a single

failure mechanism is responsible for failure, and t!lefailure distribution

is very narrow.

E. Capacitor Energy Dissipation

Initially, the dielectric loss and the equivalent series resistance

of the capacitor was of major concern. However, the energy dissipated in

the capacitors tested is so minimal that thermal effects have been ne-

glected. For comparison, the temperature rise of a conventional Mylar

paper capacitor is compared with that of a PFTE unit (Fig. 12). Both units

were operated at a discharge PRF of i kHz, a peak current of approximately

1 kA in a 100-ns wide damped pulss. The test was halted after 42 minutes

when the Mylar paper capacitor exploded due tu the 65°C temperature com-

pared to the 4.1°C temperature rise for the PFTE unit. The mica, PFTE, and

PPSO cdpacitor units have a dissipative component so small that at present

rms current levels up to 15 A, a maximum of only 10”C temperature rise, are

observed.

VI. CONCLUSIONS

The performance evaluation of capacitors in the 100-ns, l-kA, l-kHz

regime l~as led to the following ol~servations:

● A high-quality, high-frequency diagnostic system is essential to

observe transients within capacitors during discharge. The high-

frequency CVRS and voltage probes developed for the system are

most impori,antdiagnostic tools,

● Corcnti is the main cause of failure in PrO capacitors and is dc-

tect~b?e during ~ii:;chargu,

● Tilecorona inception stress level during discharg[? is ~l~out25!4of

the dc lcv(!land is (iupcn(icnton rat~ of Iicch(lr!]vdnd the pulsp

rui~ot,itiw I’lllP.

● Prl’limin,lrytutts irldicat(!t.hntPTF~-slliclmr oil nnd mica palm-

(Ml’),;,11),1(:it,),”s~,dVf) ,, Ifmf;(!r 1 i f(’ itl I.IKI UII,I iml~tmst(’(iIhdfl tlw

[1,’()?l(l.l”i. - ]{~-
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Fig. 12. Temperature rise of PFTE and MP capacitor.

● Capacitur power losses are negligible for units

rug imc.

● Prescnk fabrication techniques must bc modified

trimsicnt currents and voltages wlthln the cap~c

desiqned for this.

to accmnoclate the

itor.

TIN!PPSO capacitors were Initially evaluated In dl’1.all because of the

rwrgy dunsity potential, the rclntively short llfetimus (3 x 106) that

rcducl! the thn(! required for cvalufitlon, the availability illld low cost, ,11)(!

th? w$wnptlon thnt tlmilar failure mechanisms would occur in the PFTlj and

Ml’ un;tr,, but ,It Iollger life.

III 1,110 fut,urc tilePFTC and MiJunl:r ~ill hc ovct4strcssc(ito dccrcasc

Lhcir llfII1. lmPs and thus d(!tcrmlm! thclr char~ctcr?ntic failuro mechanisms.

Additiotl~l CVR illl(l hlrjh-VO

[IIG210.EL

taqu probe unit% m? Ix2ing dosignud to purmit
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higher frequency response at larger peak currents and voltages because of

the large amount of data available with real-time diagnostic systems.
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